The relationship between the palatal form and the maxillary sinus was studied in 40 skulls of male and female Bornean orang-utans (Pongo satyrus borneensis) ontogenetically. Univariate analyses of the measurements of the palate and the maxillary sinus showed that the sexual dimorphism appeared earlier in palatal length than in the maxillary sinus volume. Bivariate statistical analyses, including correlation and linear regression analyses, revealed close relationships between the characteristics of the palate and the maxillary sinus for both the growth period and the adult status. Partial correlation coefficients showed, however, that these relations were highly influenced by the skull size. Except significant correlations between the maxillary sinus width and the palatal volume in the adult status, all partial correlation coefficients were clearly below the Pearson's correlation coefficients. In contrast to the situation in humans, this study suggests that under physiological conditions the influence of the palatal form on the maxillary sinus size in the orangutan is very small. Alterations of the craniofacial morphology during the evolution of the hominids, such as facial reduction and decrease of the maxillary sinus size, are considered important factors which led to changes of the relations between the palatal form and the maxillary sinus.
The facial skeleton is a complex structure which consists of numerous more or less functional independent components such as the orbital cavities, the nasal and pneumatic cavities, the oral cavity, and jaws and temporomandibular joint (Moss, 1971; Enlow, 1982; Aiello and Dean, 1990 ). Notwithstanding that adaptation to feeding has an enormous influence on the form of the facial skeleton (Smith, 1993) , a multitude of interactions between the different components of the facial skeleton occur during growth. These interactions are especially evident in the case of gross malformation such as cleft palate (Ross, 1970) . Reviewing the literature, it becomes evident that studies about the growth pattern of the different components of the facial skeleton have attracted more interest than the relations between these components. This knowledge, however, is essential, for example, to understand abnormal growth pattern.
One of the features which distinguishes the skull of mammals from their ancestors is the formation of a secondary palate. In contrast to most long-snouted quadrupeds, the hard palate in humans and in the great apes is considerably vaulted (Jordanov, 1971 ; Ward and Pilbeam, 1983; Koppe et al., 1990, Winkler and Kirchengast, 1993) . Several authors suggest a relationship between the shape of the roof of the oral cavity and the size of the maxillary sinus in humans (Eller, 1932 , Paatero, 1939 Withalm, 1950; Nowak and Mehlis, 1975 ). Morever, a few studies have reported that clefts of the primary and secondary palate have a notable influence on the morphology of the paranasal sinuses (Withalm, 1950; Eckel and Beisser, 1961; Nowak and Mehls, 1977) . However, recent studies by Robinson et al. (1982) and Francis et a!. (1990) deny a significant influence of cleft lips and palates on the paranasal sinuses. Furthermore, Oktay ( 1992) points out that even orthodontic malocclusion have only a slight effect on the paranasal sinuses.
While 'a preliminary study on a small number of adult skulls showed evidence for a relationship between the morphology of the palate and the maxillary sinus size in humans, no such relationship has been established for the great apes . This preliminary study has implications regarding the role of the paranasal sinuses, because it gives some doubt about the 'structural role' of the paranasal sinuses (Blaney, 1990) . To verify this assumption regarding the 'structural role' of the paranasal sinuses, more research using a larger sample size as well as considering possible ontogenetic changes of the relationship between the palatal form and the maxillary sinus morphology is needed. Thus, the present study was conducted to reexamine this relationship in the great apes. For this study, skulls of a subspecies of orang-utan of known age and sex were investigated to provide comparable data for further studies in the Africangreat apes. As in all hominoids,the maxillary sinus of the orang-utan occupies virtually the whole maxillary bone (Cave and Haines, 1940; Koppe et al., 1995) . Regarding the hard palate, however, the orangutan is distinguished by a relatively high palatal vault, which is especially marked in the anterior part of the palate (Shea, 1985 ).
Material and Methods
The growth pattern of the maxillary sinus in this ape (Pongo satyrus borneensis) has been already reported (Koppe et al., 1995) . The present study is based on the same material and comprises 40 skulls of both sexes in the following age steps: infant I = 0-3.9a (6 animals), infant II = 4-7.9a (6 animals), juvenile = 8-11a (6 animals), adult = 12-19.9a (12 animals) and mature = 20-49.9a (10 animals).
To characterize the palatal size, the palatal width (endomolare -endomolare) and the palatal length (orale -staphylion) were measured according to Martin (1928) using a sliding caliper (Fig. 1) . In addition, the palatal area was measured on a coronal CT scan (Koppe et al., 1995) at the level of the second maxillary molar by employing a planimeter (Fig. 1) . The line between the right and left alveolar crests served as the lower margin of the palatal area. The above-defined palatal area and the palatal length were multiplied to obtain the so-called palatal volume ).
Means and standard deviations for both sexes were estimated and growth functions for the palatal length and width were calculated according to Fanghanel (1974) . Furthermore, the confidence intervals of these growth curves were calculated to determine the appearance of sexual dimorphism (Brehmer and Beleites, 1988) . Despite the small number of skulls in each age step, the palatine index: (palatal width/palatal length)x 100 (Martin, 1928), was calculated to demonstrate the shape changes of the palate during growth.
To investigate the relationships between the size of the palate and the maxillary sinus, the values of the maxillary sinus volume obtained by Koppe et al. (1995) were included. In addition, the biggest width (MW) and the biggest height (MH) of the maxillary sinus, as seen on the coronal CT scans, were also measured in the present study (Fig. 2) .
The relationship between the measurement items were investigated for both the growth period and the adult status with the help of Pearson's correlation coefficients. The adult and mature age steps were treated as a single group -adult status -and the sexes were combined in the latter case.
Several previous studies indicate that the maxillary sinus volume is highly correlated with the size of the skull Koppe et al., 1995) . Thus, to determine whether the correlations between the measurements of the palate and the maxillary sinus are influenced by the skull size, the partial correlation coefficients were also calculated (Lohse et al., 1986) . In this study, the basicranial length (basion-nasion) served as indicator of skull size (Leutenegger and Masterson, 1989 ) and the facial length(basion-prosthion) was cho- sen to characterize the size of the facial skeleton. In addition to the correlation analysis, simple linear regressions were calculated for selected characteristics.
Results Table 1 contains the means and standard deviations of all measurements for each age group in both sexes, except for those of the maxillary sinus volume and the basicranial length, which were reported elsewhere (Koppe et al., 1995) . The growth of the palatal width and length can be described with the help of the following differential equation formulations: PL (male) PL" + 0.0734 PL' =0 PL (female) PL" + 0.1946 PL' =0 PW (male) PW"+ 0.1476 PW' =0 PW (female) PW" + 0.0972 PW1= 0
The curve lines of the palatal width and the palatal length had principally the same course (Fig. 3) . The slope of the curves was relatively high until the age of about 10 years. After 10 years of age, the growth curves became gradually flat. While the growth pattern of the palatal width did not show any evidence of sexual dimorphism, the confidence intervals of the growth curves of the palatal length for male and female orangutans began to drift apart at the age of about 18 years, indicating the appearance of sexual dimorphism. In addition, the palatine index supported the observation that the palate of male orang-utans becomes longer than that of female orang-utans ( Table 2) .
The results of the correlation analysis for the 8 measurement items are given as a correlation matrix in Table 3 to 5. Within the growth period, the correlations between all measurements items and in both sexes were highly significant. The results of the regression analysis support this observation (Fig. 4) . In contrast, the number of highly significant correlations in the adult status was obviously reduced. This holds true especially for the correlation of the maxillary sinus width and height to the characteristics of the palate (Table 5) .
To eliminate the influence of the skull size and the size of the facial skeleton on the correlation coefficients, the partial correlation coefficients were also calculated (Table 6 ). Although the correlation and regression analysis first of all point at a close relationship between the measurements of the palate and the maxillary sinus, the partial correlation coefficients ( Table 6 ) suggest, that these relations were highly influenced by the total size of the skull and the size of the facial skeleton, respectively. All calculated partial correlation coefficients were clearly below the Pearson's coefficients and the number of significant correlations were obviously reduced. This holds true for both the growth period and the adult status. . As in African great apes (Strati' and Schmid, 1984), growth and sexual dimorphism are greater in the sagittal than in the transversal dimensions of the orang-utan's skull. This also holds true for the palate and is mainly due to facial prognathism. Whereas in the great apes the facial prognathism increases postnatally (Ashton, 1957; Biegert, 1957) , facial prognathism change very little in the human postnatal period (Fliigel et al., 1993 ).
According to Thomason and Russel (1986) the formation of the typically mammalian secondary palate can be understood from a biomechanical viewpoint as it strengthens the rostral part of the upper jaw as the biting forces increase. The roof of the oral cavity is a threedimensional space, which is especially vaulted in hominoids. Considering the shape of the hard palate within the frontal plane, obvious differences between humans and the great apes are evident. While the human palate is described as having a rectangular shape (Paatero, 1939 ) the palate in the great ape is more or less semicircular ). Thus, differences in the palatal shape between humans and the great apes are probably due to adaptation to the mechanical requirements of the masticatory apparatus. The palatal volume Palatal Length (PL) Palatal Width (PW) Fig. 3 . Growth curves and confidence intervals of the palatal length (PL) and the palatal width (PW) for male and female orang-utans. The arrow indicates the appearance of sexual dimorphism at the palatal length. (Withalm, 1950) (Fig. 5) . Table 3 . Correlation matrix among the measurement items of the palate and the maxillary sinus in growing male orang-utans (N=20) all results p < 0.01 Table 4 . Correlation matrix among the measurement items of the palate and the maxillary sinus in growing female orang-utans (N=19) all results p < 0.01, *p < 0.05 Table 5 . Correlation matrix among the measurement items of the palate and the maxillary sinus in adult orang-utan skulls, sexes are pooled (N=22) "p<0 .01, *p<0.05
Relationship of the palate to the maxillary sinus There is a general agreement that a close relationship exists between the morphology of the paranasal sinuses and the architecture of the skull (Weidenreich, 1924; Blaney, 1990) . Consequently, several authors suggest that size of the maxillary sinus depends to some degree on the form of the hard palate (Eller, 1932; Paatero, 1939; Withalm, 1950; Nowak and Mehlis, 1975 ). The present study shows, however, that the correlations between the measurements of the palate and the maxillary sinus were highly influenced by the size of the skull. Moreover, the influence of the facial length on these correlations seems to be stronger than that of the basicranial length (Table 6 ). Only the correlation between the maxillary sinus width and the palatal volume in the adult group remained significant after elimination of the factor skull size. Considering the above-mentioned variability of the palatal volume, this correlation is hardly explained. Although it can not be ruled out that the palatal morphology influences the maxillary sinus size in the orang-utan, the results of this study suggest that under physiological conditions, this influence is very small. In the literature, the explanations of the suggested relationship between the palatal form and the maxillary sinus focus on two major points. First, the position of the hard palate within the midface, as measured at the median plane, has been identified as an important factor to enlarge or diminish the sinus space, which is required for the development of both the nasal cavity and the maxillary sinus (Eller, 1932) . The position relation of the hard palate within the facial skeleton can be measured as the angle between the hard palate and the cranial base (Hofer, 1952) . It is well known that the orang-utan is characterized by a marked dorsal flexion of the upper jaw relative to the cranial base (Shea, 1985; Schumacher et al., 1994) . This position relation has indeed a considerable effect on the size of the nasal cavity. Although the volume of the nasal cavity in the orang-utan is smaller than in either humans or African great apes , the pneumatization of the maxillary sinus in the orang-utan is enormous and the sinus is enlarged by several recessus which may also pneumatize neighboring bones (Cave and Haines, 1940; Koppe et al., 1995) .
As pointed out by Starck (1979) , the position of the hard palate relative to the cranial base is considered to be species specific. This position relation seems to be relatively stable also in case of certain gross malformations. Delaire and Precious (1987) have demonstrated that even in individuals with arhinencepahly, who are characterized by hypodevelopment of the entire anterior part of the nasomaxillary complex, the level of the hard palate is usually adequate. These results leave some doubts about the significance of the influence of the position ofthe hard palate on the maxillary sinus morphology, at least in the orang-utan.
Second, it is believed that a strong vaulted palate may cause changes of the nasal respiratory function which can secondarily interfere with the normal development of the paranasal sinuses (Paatero, 1939; Withalm, 1950; Nowak and Mehils, 1975 ). This theory is based on the assumption that there is a close relationship between nasal respiratory function and craniofacial growth (Freunthaller, 1975; Harvold et al., 1981) . Grahe (1931) has demonstrated, however, that experimentally produced nasal obstruction in rabbits, which dramatically changed the breathing type, affected neither the growth of the skull nor the size of the maxillary sinus. Recently, Kraut and Kronman (1988) obtained similar results by filling the whole maxillary sinus of weanling New Zealand rabbits with a methacrylate. Moreover, clinical investigations by Klein (1986) deny that nasal respiratory obstruction significantly alters the growth of the facial skeleton. Even though the paranasal sinuses have to be considered as a part of the upper respiratory tract, it is obvious that the contribution of the paranasal sinuses on the air exchange during nasal breathing is very little. Pathophysiological investigations have shown, that the air exchange in the maxillary sinus is extremely slow. While 5 min are required to exchange 90% of this air volume during nasal breathing, mouth breathing requires 10 min (Drettner, 1980) . Thus, these results lead to the assumption that the effect of the nasal respiratory function on the growth of the paranasal sinuses is not conspicuous.
Despite the contradictory results regarding whether or not clefts of the secondary palate affect the size of the maxillary sinus (Nowak and Mehls, 1977; Francis et al., 1990) , certain relationships between the kg in of the palate and the maxillary sinus morphology in humans have been demonstrated (Paatero, 1939; . Thus, the lack of a marked relationship between those structures in the orang-utan, found in this study, suggest that the relations between the form of the hard palate and the maxillary sinus size may differ among species. These differences are probably due to the changes in the craniofacial morphology during hominid evolution. The elongation of the facial skeleton beneath the cranial base within the evolution of the hominids was accompanied by a reduction in jaw size (Tobias, 1983 , Preuschoft, 1989 . Moreover, the maxillary sinus in humans is restricted mostly to the maxillary bone, while in the great apes the sinus may also pneumatize neighboring bones. Thus, it seems reasonable to assume that the relations between the morphology of the palate and the maxillary sinus became closer during hominid evolution.
The question of whether there is a relationship between the morphology of the palate and the maxillary sinus is also of interest concerning the function of the paranasal sinuses, which are a subject of continuing discussion and controversy (Blaney, 1990) . It has been suggested in earlier studies, that the paranasal sinuses possess a developmental potential of their own (Libersa et al., 1991; , and the results of the present study seems to support this assumption. Although this not say much about the actual function of the paranasal sinuses, we believe that the paranasal sinuses do have a function far from being simple spaces between the mechanically essential bony pillars of the facial skeleton (Weidenreich, 1924) . This assumption is supported by recent studies on the maxillary sinus in the Japanese macaque (Koppe et al., 1996) . This study gives some evidence that the differences in the maxillary sinus volume between hominoids and the Japanese macaque can not be explained solely by the differences in skull size. Moreover, Hylander and Johnson (1992) , who recorded in vivo strain magnitudes during mastication in different regions of the face in macaques and baboons, suggest that it is unlikely that all facial bones are especially designed to minimize bone tissue and maximize strength for countering masticatory loads.
